Introduction
The inherent tendency of nanoparticles for aggregation and self-assembly processes represents a great opportunity to perform bottom up generation of novel nanostructured materials with controlled structure and complex functionality. [1] [2] [3] [4] [5] [6] In addition, particle mediated nonclassical crystallization has been recognized to be of increasing importance as crystallization pathway in recent years. [7, 8] In contrast to isotropic spherical nanoparticles, which self-assemble into a close-packed superlattice with random crystallographic orientation of the building blocks (colloidal crystal), nonspherical nanocrystals can generate much more complex superlattices (so-called mesocrystals) composed of building blocks with specific crystallographic orientation. [8] [9] [10] [11] [12] [13] Building on the definition of a "crystal" given by IUCr, [14] we defined mesocrystals as "a nanostructured material with a defined long-range order on the atomic scale, which can be inferred from the existence of an essentially sharp wide angle diffraction pattern (with sharp Bragg peaks) together with clear evidence that the material consists of individual nanoparticle building units." [10] One common approach to design mesocrystalline materials is the controlled self-assembly of nanoparticles with defined morphology and narrow size distribution. Magnetic nanoparticles allow additionaly to control the self-assembly process due to the internal dipolar magnetic attraction between the particles as well as by an external magnetic field. Therefore, iron oxide nanoparticles are one of the promising building blocks for the generation of mesocrystalline materials with different structure and functionality. [10, [15] [16] [17] [18] [19] [20] Furthermore, mesocrystals built up from nanometer-sized superparamagnetic nanoparticles should demonstrate more efficient magnetization than that of the individual nanoparticles due to specific crystallographic alignment of nanoparticles. [21, 22] Thus collective and emergent properties can arise. This also provides the possibility to generate magnetic materials on the micrometer scale with controlled physical properties simply by controlling the size of individual building blocks and their arrangements within the superlattices, which would be impossible to achieve for the bulk material for the given mesocrystal size.
One way to synthesize ferrofluids is the large-scale synthesis of iron oxide nanoparticles via thermal decomposition of an iron oleate precursor, established by Hyeon and co-workers in 2004, that still gains high interest in research. [23] The developed heating-up synthesis led to nanoparticles different in chemical composition, but highly monodisperse in size and shape. [24] [25] [26] [27] Nowadays, a lot of researchers adopted the synthesis protocol for producing iron oxide nanocrystals with different size and shape via decomposition of an iron oleate precursor. [17] [18] [19] [20] Unfortunately, the relevant literature is mostly lacking a full characterization of the nanoparticles, researchers often claim that either magnetite or maghemite is synthesized, without providing clear structural evidences. It is, nevertheless, an essential need to clearly identify the resulting material, especially for engineering or medical applications. [17] [18] [19] 28, 29] Indeed especially in case of nanoparticles, it is hard to distinguish between magnetite and maghemite compounds using diffraction techniques, due to the similarities of their crystal structures exhibiting the inverse spinel type. [30, 31] However, both minerals are different in physical properties. The bulk maghemite (2 eV) and magnetite (0.1 eV) are semiconductors with a band gap less than 5 eV. [32, 33] The saturation magnetization of magnetite is slightly higher compared to maghemite. [34, 35] Due to these differences of the electronic and magnetic properties, both compounds can be used differently in various industrial applications.
Therefore, the information about the exact composition of nanoparticles is essential not only for basic research but also for materials design and application. The authors of the original publication [23, 36, 37] used XANES (X-ray absorption near edge structure) and claim that the ratio between Fe 2+ and Fe 3+ varies depending on the size of the resulting nanoparticles. The examinations exposed, that when nanoparticles reach sizes around 8 nm, magnetite is the dominating phase within the nanoparticles. Although only Fe 3+ ions are used in the iron (III) oleate precursor material, it is proposed that an elimination of carbon dioxide of the precursor and surfactant molecule leads to the reduction of Fe 3+ to Fe 2+ ions. However, these results are inconsistent with the analyses with Mößbauer spectroscopy on nanoparticles with sizes around 15 nm. [38] Mößbauer spectroscopy is a reliable method to identify Fe 3+ and Fe 2+ ions and Salazar-Alvarez et al. claimed the nanoparticles synthesized via thermal decomposition were maghemite nanoparticles. Based on almost the same synthesis method the analysis of the nanoparticles differs enormously, therefore every time it is very important to determine the composition of the nanoparticles.
In the past years, we have prepared and structurally characterized a large variety of inorganic-organic composite mesocrystals (incl. biomimetic materials and nanoparticle self-assemblies). [10, 11, 13, [39] [40] [41] In order to classify the material as a mesocrystal it is necessary to combine several techniques to clearly verify the long-range order at the atomic scale (in at least one crystallographic direction) as well as the existence of nanoparticles in the entire solid-state material (e.g., by combining electron microscopy imaging and diffraction techniques). One of our recent examples includes the detailed structural characterization of self-assembled mesocrystalline materials using the combination of advanced electron microscopy techniques (performed in collaboration with Simon et al. and Eychmüller and co-workers). [40, 41] In this study we were able to determine the orientational relations between the PbS nanocrystals (stabilized by oleic acid molecules) within ordered 2D and 3D PbS mesocrystalline nanoparticle self-assemblies and also to develop atomistic models suitable for a detailed description of the structures of these mesocrystals. Furthermore, we proposed also a phenomenological model, which provides a clear explanation of specific structuring within ordered superlattice arrays depending on the degree and thickness of organic coverage of polyhedral nanoparticles. [41] Another very efficient analytical tool for characterization of self-assembled mesocrystalline materials is high-resolution synchrotron-based small/wide-angle X-ray scattering (SAXS/ WAXS) (including in situ time-resolved grazing incidence small-angle X-ray scattering and grazing incidence wide-angle X-ray scattering). [42] [43] [44] [45] These techniques are developing very fast within the last years and are allowing to determine the packing arrangement and orientational order of nanoparticles not only within solid mesocrystals but also to track in situ their structural evolution during the self-assembly process. [46] Our present study is focussed on synthesis and detailed characterization of 2D and 3D mesocrystalline films produced by self-assembly of iron oxide (magnetite) truncated nanocubes. The approach we are using in our study aims to determine the orientational relations between the nanocrystals using the combination of electron microscopy techniques within the superlattice and also to develop atomistic models suitable for a detailed description of the structures of the 2D and 3D colloidal superlattices (mesocrystals) and their structural relation. These data are very important for the fundamental understanding of the mesocrystal formation mechanism and structuring. Furthermore, we performed detailed structural characterisation of iron oxide nanoparticles and examined their magnetic properties.
Results and Discussion

Nanoparticle Characterization
Iron oxide nanoparticles were successfully prepared using the thermal decomposition of an iron(III) oleate precursor. Analytical ultracentrifugation (AUC) indicates a quite narrow size distribution of nanoparticles ( Figure 1 , d H = 10.4 ± 1.2 nm) which is additionally confirmed by high resolution transmission electron microscopy (HRTEM) and scanning electron microscope (SEM) (see below, Figures 4, 6, and 9). The inverse spinel crystal structure determined by HRTEM and electron diffraction can be attributed to both magnetite and maghemite. In order to define the exact composition of the nanoparticles, high-energy-resolution fluorescence detection (HERFD)-XANES measurements of nanoparticles were performed (two sample batches (I) and (II) were examined). Spherical aberration corrected (Cs-corrected) HRTEM (Figure 2) shows that nanocubes from batch (I) are slightly smaller and slightly more truncated compared with nanocubes from batch (II). Figure 3a shows the pre-edge structures at the Fe K-edge for iron oxide nanoparticles in comparison with maghemite and magnetite bulk reference compounds. The energy position of the pre-edge maximum (around 7114.5 eV) and the intensity in the spectrum of iron oxide nanoparticles appears to be different from that of the maghemite and more close to that of magnetite reference compounds. On the other hand, the careful analysis of the recorded spectra also indicates the presence of a small amount of maghemite in the synthetic materials. Therefore, in order to determine the exact fraction of magnetite and maghemite the iterative transformation factor analysis [47] was used (which allows to decompose the spectral mixtures into the recorded spectra). Thus it was shown, that by using a linear combination of two components the spectra can be sufficiently reproduced (Figure 3b ), so that the residual (Figure 3b, Figure 3a ,c, respectively. Since it was shown that in both systems the dominating phase is magnetite, for the simplicity reason the indexing of all electron diffraction patterns, analysis of HRTEM images and atomistic simulations of nanoparticles and their self-assemblies were performed based on the magnetite crystal structure only.
The Cs-corrected HRTEM images of the nanoparticles recorded along different zone axes (Figure 4) clearly show that the morphology of the magnetite nanoparticles is very close to cubic shape, slightly truncated by the {111}, {110}, {310}, Figure 6 . TEM image of self-assembled monolayer of magnetite nanoparticles (sample I) with coexisting structural domains exhibiting a) c2mm and b) p4mm symmetry. c) and d) FFT of areas (a) and (b), respectively. e) and f) zoomed filtered TEM images imposing c2mm (p2) and p4mm plane group symmetries taken from areas (a) and (b), respectively. Since the synthesized nanoparticles are around 10 nm, they demonstrate superparamagnetic behavior at room temperature ( Figure 5) . A magnetic phase transition for the synthesized nano particles is observed around 110 K (Figure 5b ), corresponding to the blocking temperature. Therefore, the hysteresis loops (Figure 5a ) recorded at 4 and 300 K show significantly different behavior for remanence and coercivity and can be referred to ferrimagnetic and superparamagnetic properties of nanoparticles, respectively. These results are consistent with the analyses of Park et al. and Faure et al. [18, 21] 
Mesocrystalline Nanoparticles Self-Assemblies
The preparation of 2D and 3D mesocrystalline films was performed directly on grids for transmission electron microscopy (TEM) by slow evaporation of the nanoparticle dispersion in toluene using an excess of surfactant. The TEM images of the 2D self-assemblies show the coexistence of two structurally different domains (Figure 6 ). The first one has the topology of a square lattice (p4mm, a = 14.5 nm, Figure 6b ,d,f) while the second one represents a distorted close-packed arrangement (p2, a = b = 14.8 nm, γ ∼ 115° this oblique cell can be also described in a c2mm plane group (a = 25.0 nm, b = 15.9 nm) Figure 6a ,c,e). This observation is consistent with previous experimental observations and theoretical modeling of cubic packing. [16, 48, 49] Selected area electron diffraction (SAED) (Figure 7) confirms that all nanocubes in both patterns have the same orientation, with {100} faces lying on the substrate. On the way toward the formation of multilayered films, nanoparticles tend to arrange in a slightly distorted facecentered cubic (fcc) superlattice. This is confirmed by SAXS measurements (Figure 8 , sp. gr. Fm 3m, a = 20 nm). Unfortunately, broad reflections do not allow us to determine the kind of superlattice distortion (e.g., tetragonal or rhombohedral deformations), as described earlier in similar systems. [2, 10, 15, 16, 20, 43, 48, 50, 51] The SEM images (Figure 9 ) visualize the stacking of p4mm and c2mm monolayers forming 3D self-assembled films. The TEM image in Figure 10a is illustrating the projection of a 3D superlattice formed by stacking of monolayers with p4mm symmetry. This projection corresponds to the [100] zone axis of an fcc superlattice and is shown as a projected unit cell (red frame) in Figure 10a (bottom right), the calculated lattice parameters (a fcc = 20.4 nm) are in a good agreement with SAXS results (Figure 8 ). The projection of the related bct cell is shown as a white frame (Figure 10a (7 of 9) 1600431 "bump-to-hollow" in molecular crystals. [52] The term "bump-tohollow" (or "bump into hollow") is widely used to describe the packing of molecules in a crystal (see e.g., ref. [7] ). It simply means that "convexities" of one molecule fit into the "concavities" of another. Similar orientation relations for nanoparticles can be derived from the wide-angle electron diffraction pattern of 3D films composed of layers with c2mm symmetry (Figure 11) . Both structures can be classified as mesocrystals.
To gain more insight into the atomistic structure of the superlattices, we constructed a series of models representing 2D and 3D mesocrystals and simulated electron diffraction patterns in small and wide-angle regions. For computational efficiency, the size of the model magnetite cluster was set to ≈4 nm, which is approximately 2.5 times smaller than the actual size of the nanoparticle. The clusters were arranged in square nets (symmetry p4mm, the scaled distance between centres of neighbouring nanoparticles is 6 nm). The square nets were then stacked in a way so as to approximate an overall fcc packing of the nanoparticles (Figure 12) (Figures 12 and 13) . Additionally, we built up and compared the structures of individual monolayers with p4mm and c2mm symmetry (Figure 13 ), the latter model was formally described in an oblique cell of p2 (γ = 115°). The comparison of simulated and observed patterns shows a very nice agreement (Figure 14) confirming our assumptions on the topology of the superlattices and preferred orientations of nanoparticles.
Conclusion
In summary, we performed a synthesis of iron oxide truncated nanocubes stabilized by oleic acid molecules and produced 2D and 3D self-assembled mesocrystaline films thereof. As we have demonstrated by detailed structural analysis, the dominant phase of the nanocubes is magnetite. The morphology of the magnetite nanoparticles, crucial for understanding the packing arrangement and the orientational order in 2D and 3D superlattices, is very close to a cube truncated by {111}, {110}, {310}, and {114} faces.
Already in the 2D case, two distinct superstructures of magnetite nanocubes with p4mm and c2mm layer symmetries and the same orientational order can be observed (with [100] magnetite perpendicular to substrate). The 3D structure can be approximated by slightly distorted fcc superlattice. As we have shown, the orientational order of nanoparticles within stacked monolayers becomes even more complex on the way to 3D superstructures. Namely orientational order is determined by the shape of the nanoparticles (with the following orientational relations: [ ) . Therefore, the nanoparticles can achieve a more efficient arrangement by following the "bump-to-hollow" packing principle. [52] The atomistic modelling not only verifies the proposed meso crystal structures but also provides great insight into fundamental principles of structuring of 2D and 3D mesocrystals.
Experimental Section
Synthesis of the Nanocubes: The synthesis of iron oxide nanocubes was followed according to literature by applying the heating-up method. [18, 19, 23, 53] All chemicals were used as received. For the preparation of the iron (III) oleate precursor, iron (III) chloride (5.4 g, 20 mmol, 97%, Sigma-Aldrich), and sodium oleate (18.3 g, 60 mmol, 97%, Tokyo Chemical Industry) were heated up to reflux temperature in a mixture of Ethanol (40 mL), Hexane (70 mL), and purified water (30 mL). The resulting organic phase was washed with water and dried at 50 °C under vacuum. Afterward, Iron (III) oleate (9.08 g, 10 mmol), sodium oleate (0.436 g, 1.43 mmol), and oleic acid (0.453 mL, 1.43 mmol, 99%, Tokyo Chemical Industry) were solved in Octadecene (50 mL, 90%, Sigma-Aldrich) and heated up to 60 °C and dried under vacuum for 30 min. Using a heating ramp of 3 °C min −1 , the reaction mixture was heated up to reflux temperature. After 30 min at 320 °C the reaction mixture was cooled down to room temperature. Finally, the reaction mixture was washed with ethanol and toluene by centrifugation. The colloidal dispersion was stored in toluene.
Synthesis of the Mesocrystalline Films: The preparation of mesocrystals was performed via self-assembly with a slow evaporation of the nanoparticle dispersion using an excess of surfactant. [30] 300 μL of a nanoparticle dispersion with a concentration of 0.25 mg mL −1 were dried in 2 mL glass vessel containing a carbon-coated copper grid for transmission electron microscopy (London finder Science Services; CFLF400-Cu-UL). The concentration of the excess of the surfactant was 1.5 μL mL −1 .
Transmission Electron Microscopy: Two different TEM were used for the investigation-A Zeiss Libra120 with a 120 kV Lathanum hexaboride emitter and a Koehler illumination system reaching a resolution of 0.34 nm. The information limit was about 0.20 nm and an in-column OMEGA filter was installed. The Cs-corrected high resolution TEM imaging of the nanoparticles was performed using an FEI Tecnai F20/ Cs-corrected TEM at 200 kV acceleration voltage. The analyses of the TEM images were realised by means of the Digital Micrograph (Gatan, USA) and CRISP (copyright Calidris, Sweden) software.
Scanning Electron Microscopy: The used SEM was a Zeiss CrossBeam 1540XB reaching a resolution of up to 1.1 nm at 20 kV the acceleration voltage can be changed from 0.1 to 30 kV. It was equipped with an SE2 and an InLens detector.
Small-Angle X-Ray Scattering: The SAXS measurements of the selfassembled nanoparticles were performed by means of a Bruker AXS Nanostar diffractometer using Cu Kα radiation. The analysis of SAXS pattern was performed using Scatter (Version 2.5, 03/2011) software. [54] X-Ray Absorption Spectroscopy: The experiment has been performed at the Rossendorf beamline -BM20 at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The incident energy was selected using the 〈111〉 reflection from a double Si crystal monochromator. Rejection of higher harmonics was achieved by two Si mirrors at an angle of 2.5 mrad relative to the incident beam. XANES spectra were measured in HERFD mode using an X-ray emission spectrometer. [55] Sample, analyzer crystal, and photon detector (silicon drift diode) were arranged in a vertical Rowland geometry for X-ray emission spectrometer. The Fe HERFD spectra at the K edge were obtained by recording the maximum intensity of the Fe Kβ 1 emission line (7059.3 eV) as a function of the incident energy. The emission energy was selected using the 〈620〉 reflection of the one spherically bent Ge crystal analyzers (with 1 m bending radius) aligned at 79° Bragg angle. The intensity was normalized to the incident flux. A combined (incident convoluted with emitted) energy resolution of 1.8 eV was obtained as determined by measuring the full width at half maximum of the elastic peak. Reference material (Fe foil) has been used as energy calibration for the absorption edge. Radiation damage induced by an X-ray beam was carefully checked by taking few HERFD-XANES scans of the few seconds collection time. The powder references (Fe 2 O 3 and Fe 3 O 4 , provided by ESRF) and iron oxide nanoparticle samples were sealed in the Kapton films with a thickness of 25 μm. The powder samples of iron oxide nanoparticles were removed from the inert atmosphere just before the measurements with a delay time of 10 min.
Chemical Analysis: The content of oleic acid in synthetic nanoparticles was calculated on the basis of carbon concentration which was determined by means of CHN-Analyser Vario Micro Cube of Elementar Company.
Analytical Ultracentrifugation: The AUC measurements were performed on an Optima XL I (Beckman Coulter, Palo Alto, CA, United States) using Rayleigh interference optics and 12 mm double sector titanium centrepieces (Nanolytics, Potsdam, Germany). Nanoparticles dispersions in toluene were investigated at 20 °C and 7000 rpm. In order to calculate the hydrodynamic diameter of nanoparticles, the real density of magnetite nanoparticles stabilized by oleic acid (4.299 g cm −3 ) was estimated by taking into account that the oleic acid content was around 20 wt% (based on the results of chemical analysis).
Structure Modeling: Simulations were performed in line with our former works. The structure of an individual nanoparticle was modelled by a cluster with the habit of a truncated cube (additional faces were chosen to be {111}, {110}, {310}, and {114}, as suggested by HRTEM data) cut from a magnetite structure Fe 3 O 4 (sp. gr. Fd 3m) using the VESTA 3 software. [56] VESTA 3 was also used to visualize structure models. 2D and 3D superlattices were constructed from individual clusters (for further details see main text) and electron diffraction patterns were simulated using the program JEMS. Cif-files of model structures can be obtained from the authors upon request.
Superconducting Quantum Interference Device: The analysis of iron oxide powder (1.24 mg) was performed using a SQUID, MPMS XL of Quantum design. For the visualization of the dependence of magnetization to the external magnetic field in z-direction hysteresis loops were measured at 4 and 300 K in a range of −3.5 to 3.5 T. The critical (blocking) temperature T B was determined using temperature dependent measurements at different, constant magnetic H-fields. The used temperature interval was 4-300 K and the magnetic fields applied were fixed to 0 T, 10 mT, 25 mT, 50 mT, and 100 mT. Figure 12b ). a) TEM image of self-assembled multilayer of magnetite nanoparticles with fcc structure along [001] and corresponding atomistic model (top left). b) Superposition of experimental (right) and simulated (left) wide and small angle electron diffraction patterns.
